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Abstract
Aims The paper presents results from plot experiments
aimed at the development of an ecological strategy for
soil contaminated with mercury. Meadow grass (Poa
pratensis) was tested on mercury contaminated soil in
a former chlor-alkali plant (CAP) in southern Poland for
its phytoremediation potential.
Methods The stabilisation potential of the plants was
investigated on plots without additives and after the
addition of granular sulphur. Biomass production, up-
take and distribution of mercury by plants, as well as
leachates and rhizosphere microorganisms were inves-
tigated, along with the growth and vitality of plants
during one growing season.
Results The analysed plants grew easily on mercury
contaminated soil, accumulating lower amounts of
mercury, especially in the roots, from soil with addi-
tive of granular sulphur (0.5 % w/w) and sustained a
rich microbial population in the rhizosphere. After
amendment application the reduction of Hg evapora-
tion was observed.
Conclusions The obtained results demonstrate the poten-
tial of using Poa pratensis and sulphur for remediation of
mercury contaminated soil and reduction of the Hg
evaporation from soil. In the presented study, methods
of Hg reduction on Bhot spots^ were proposed, with
a special focus on environmental protection. This ap-
proach provides a simple remediation tool for large areas
heavily contaminated with mercury.
Keywords Hg uptake . Rhizosphere area . Soil
evaporation .Microbial population . Phytoremediation
Introduction
Mercury and its compounds are considered to be poten-
tially hazardous to all biological organisms (Asztalos
et al. 2012; Boening 2000; Chen and Yang 2012).
Mercury cannot be destroyed biologically but only trans-
formed into volatile metallic mercury, HgO (Hobman and
Brown 1997) or biomethylated by a number of bacterial
species to gaseous methyl mercury (De et al. 2008) or
dimethyl mercury (Rodriguez et al. 2005). In soil the
element is mostly associated with humic acids forming
strong complexes with sulphur-containing functional
groups (Hooda 2010; Zuo et al. 2013). Mercury occurs
naturally at trace levels in the earth’s crust, however,
potentially toxic concentrations of mercury are continu-
ously released into the environment from anthropogenic
sources. For several decades chemical plant facilities in
Poland (e.g. chlor-alkali production processes) as well as
in other countries (Zagury et al. 2006; Dufault et al. 2009;
Esbrí et al. 2014) have been using mercury and its com-
pounds in manufacturing processes, which resulted in
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high concentrations of mercury in nearby soils. This
poses potential health and environmental risk over a
much wider area (Cachada et al. 2009; Pereira et al.
2009). The most popular remediation technologies for
mercury contaminated soils are: liquid extraction, thermal
treatment, electrolytic methods, mercury flotation or im-
mobilisation and solidification/stabilisation (S/S). Some
of the S/S technologies are based on Hg stabilisation and
solidification with sulphur polymer cement, thiol-
functionalised zeolite compounds and alkali sulphide
(Fuhrmann et al. 2002; Piao and Bishop 2006; Bower
et al. 2008; Zhang et al. 2009). These technologies are
expensive, complex processes that are destructive for soil
organisms and of limited application in soil treatment
(Wang et al. 2012; Randall and Chattopadhyay 2013).
The less disruptive and more affordable alternatives
based on phytoremediation approach use the physio-
logical and biochemical possibilities of plants and
the appropriate modification of soil compartment
properties. Such an approach, based on the reduction
of Hg bioavailable fractions, was investigated in the
contaminated areas of the chlor-alkali plant in southern
Poland. Poa pratensis was tested for its potential for
aided phytostabilisation. Granular sulphur in concentra-
tion of 0.5 % w/w was used as a soil additive. The
beneficial effect of sulphur on the retention of Hg in
soil was first suggested by Lagerwerff (1967) and con-
tinued by Maclean (1974). According to Outridge et al.
(2001) the direct interaction between Hg and S leads
to the formation of metacinnabar or cinnabar. The
environmental impact of sulphur addition to the Hg
contaminated soil was tested via analysis of soil
leachates for Hg, SO4
+2 and total organic carbon
(TOC) concentrations as well as soil microorganisms.
Materials and methods
Experimental site
The experimental site was located inside the former
chemical facility (southern Poland) that has been oper-
ating for over 50 years. For several decades the facility
had been using mercury and its compounds in its
manufacturing processes. Three sources of mercury
emission to the atmosphere from the area were identi-
fied: chlorine production using electrolysis, production
of acetaldehyde from acetylene and coal combustion in
the facility’s power and heating plant. The sources of
soil contamination include technical processes in chlor-
alkali, acetaldehyde or vinyl chloride industries, where
activated carbon with HgCl2 is used as a catalyst. The
data from the long-term environmental monitoring
programmes show that the contaminated area is limited
only to the areas between the facilities.
Site characterisation
The area located between the former chlor-alkali plant
facilities was chosen for the plot experiment. For soil
characterisation representative soil samples (30 kg; 0–
25 cm depth; zigzag pattern) from the selected area were
collected and prepared for soil analysis and a treatability
study.
Treatability study
Prior to establishing the scheme of plot experiments the
treatability study on representative soil samples from the
selected area was performed. Soil was collected at the
level of 0–25 cm and sieved through a 4 mm grid for the
pot experiment. In a lab-scale experiment pure and
granular sulphur and zeolite (73.4 % SiO2 and 12.7 %
of Al2O3) were incorporated into the Hg- contaminated
soil in doses of 0.5 %, 1 % and 5%w/w and the samples
were tested for their stabilisation properties. As the most
effective additive the 0.5 % w/w granular sulphur was
chosen for the experiment. The selection was based on
the data presented in Tables 1 and 2 relating to soil pH
values and the effective reduction of water-soluble and
exchangeable mercury compounds.
Experimental design
The site was prepared for the experiment and a natural
plant cover with roots was extracted. Soil from the area
designed for plot experiment was dug up (up to 25 cm
depth), mixed and returned to the plot. Then fifteen
subplots (9 m2 each) were established and prepared for
planting. About 120 L of soil were transported to the lab
for a Hg evapotranspiration experiment. Five samples
were taken diagonally across each plot (surface layer 0–
20 cm), mixed and analysed for soil characteristics. Plots
were randomly selected before planting. Granular sulphur
was incorporated to the soil depth of 15 cm at a concen-
tration of 0.5%w/w.Poa pratensis, which is the dominant
species in the existing plant cover in CAPs, was used for
the plot experiment. After two weeks (the experimentally
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verified time for geochemical soil stabilisation after an
amendment application) Poa pratensis was planted from
commercially available seeds (10 kg ha−1). The exper-
imental plot design with randomly distributed variants
(3 replications), was as follows (Fig. 1):
& reference plots – no granular sulphur, no plants (C),
& plots with granular sulphur (S),
& plots with granular sulphur and Poa pratensis –
(S + M),
& plots with Poa pratensis (M)
Physical and chemical properties of soil
Soil was sieved through a 1 mm grid for evaluation of
soil properties and then ground in a mortar to pass
through a 0.25 mm grid for mercury analyses. The fol-
lowing parameters were determined in the soil: the grain
size distribution (the Casagrande’s aerometric method
modified by Prószyński), pH in 1 M KCl (ratio 1:5,
potentiometric method, according to ISO 10390:1997),
soil electrical conductivity (EC) (ratio 1:5, conductivity
measurement, according to ISO 11265:1997), total
Table 1 Soil pH after sulphur application (treatability study results)
Treatment pH
Weeks
0 1 2 4 6
T0 7.71 ± 0.18 a;c 7.77 ± 0.06 a;c 7.74 ± 0.05 a;c 7.71 ± 0.02 a;c 7.73 ± 0.03 a;c
T1 7.71 ± 0.18 a;c 7.60 ± 0.19 a;c 7.49 ± 0.19 a;c 6.73 ± 0.35 b;d 5.60 ± 0.24 b;d
T2 7.71 ± 0.18 a;c 7.48 ± 0.16 a;d 7.51 ± 0.05 a;c 7.10 ± 0.19 b;e 6.42 ± 0.55 b;e
T3 7.71 ± 0.18 a;c 7.52 ± 0.01 a;d 7.51 ± 0.02 a;c 7.45 ± 0.03 b;f 7,37 ± 0.02 b;f
Treatments: T0: control; T1: 5 % sulphur (w/w), T2: 1 % sulphur (w/w) ,T3: 0.5 % sulphur (w/w); values are means of three replicates ± SE;
means followed by the same letter are not significantly different at the significance level of 0.05, according to the LSD test; a – b means are
significantly different in rows; c – f means are significantly different in columns
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Table 2 Concentration of water-soluble and exchangeable fraction of Hg compounds in soil after sulphur application (treatability study
results)
Treatment Hg content [mg kg−1]
Weeks
0 1 2 4 6
Water fraction
T0 20.39 ± 5.43 a 18.45 ± 4.76 a;c 18.91 ± 5.34 a;c 18.09 ± 1.66 a;c 19.01 ± 2.15 a;c
T1 19.03 ± 0.96 a;c 7.57 ± 0.60 b;d 5.40 ± 0.96 b;d 5.09 ± 0.95 b;d
T2 18.19 ± 1.09 a;c 8.43 ± 0.60 b;d 7.47 ± 0.64 b;d 6.73 ± 1.00 b;d
T3 18.47 ± 0.36 a;c 8.15 ± 1.24 b;d 6.91 ± 0.57 b;d 6.02 ± 0.83 b;d
Exchangeable fraction
T0 543.88 ± 56.89 a 520.33 ± 34.05 a;e 546.6 ± 55.30 a;e 566.53 ± 61.25 a;e 541.17 ± 48.35 a;e
T1 483.47 ± 93.47 a;e 382.84 ± 92.49 b;f 184.03 ± 34.02 c;f 176.24 ± 23.90 c;f
T2 496.83 ± 9.65 a;e 395.13 ± 45.01 bd;f 320.86 ± 34.04 cd;g 241.06 ± 17.04 c;fh
T3 488.57 ± 76.61 b;e 367.49 ± 58.21 c;f 359.06 ± 29.05 c;h 285.87 ± 25.62 c;gh
Treatments: T0: control; T1: 5 % sulphur (w/w), T2: 1 % sulphur (w/w) ,T3: 0.5 % sulphur (w/w); values are means of three replicates ± SE;
means followed by the same letter are not significantly different at the significance level of 0.05, according to the LSD test; water fraction: a –
b means are significantly different in rows, c – d means are significantly different in columns; exchangeable fraction: a – d means are
significantly different in rows, e – h means are significantly different in column
nitrogen (Ntot) percentage (Kjeldahl method, combus-
tion and extraction in Buchi apparatus), content of
organic phosphorus (P2O5) and potassium (K2O)
(Egner-Riehm method) and organic carbon (Corg)
(Tiurin’s method). For the determination of the cation
exchange capacity (CEC) and the content of exchange-
able cations (Ca2+, K+, Mg2+, Na+) in the soil,
hexamminecobalt trichloride (Sigma-Aldrich) was used
and the extractants were analysed by ICP-OES accord-
ing to ISO 23470:2007.
Soil samples for mercury content were collected
after geochemical stabilisation (two weeks after the
amendment application – the start of the experiment)
and at the end of the experiment (after 14 weeks).
The soil samples (1 g) were transferred to Teflon vessels
for mineralisation in a microwave oven (MDS 2000
(CEM)) using concentrated nitric acid and hydrochloric
acid (1:1) (Hg ≤ 0.000001 %, pro analysis, Merck,
Germany). Then the samples were heated in a micro-
wave oven for 50 min at the temperature of 160 °C and
pressure of 20 bar. The concentration of mercury was
determined by the Bcold vapour^ atomic adsorption
spectrometry with (SnCl2) as a reducing agent using
AAS Spectra 300 P, Varian, VGA 76.
The procedure for sequential extraction of mercury
was performed based on the methodology given by Di
Giulio and Ryan (1987); Wallschläger et al. (1998) and
Schwesig et al. (1999). The five-step sequential extrac-
tion scheme included the following fractions: water-
soluble (F1), exchangeable (F2), fulvic and humic acids
(F3), organic/sulphide (F4) and residual (F5). About 5 g
of soil sample was extracted of eluent (ratio sample/
eluent =1:10) respectively: deionised distilled water
(F1), 1 M CH3COONH4 (F2), 1 M KOH (subsequent
acidification to pH 1 ÷ 2 with HNO3-F3), 0.1 M HNO3
with H2O2 (F4) and digestion (85 °C) in aqua regia
(F5). Each sample was shaken with extraction solvent
for 1 h, centrifuged (3000 rpm for 10 min) and filtered
through a 0.45 μm glass fibre filter to exclude particles
and collect the supernatant. Mercury content in all
fractions was determined by CVAAS (Varian Spectra
AA 300P).
Sulphide concentration in the soil was calculated as a
difference between mercury organic/sulphide fractions
and Hg fractions bound to refractory organic matter
(HNO3 extraction).
Plant analysis
Plants were harvested and washed with distilled water.
Aerial parts were excised from the roots and dried
separately at 40 °C. The plant samples (1 g) were
transferred to Teflon vessels for mineralisation in a
microwave oven (Microwave system MDS 2000
(CEM)) using 10 mL concentrated nitric acid and hy-
drochloric acid (1:1) (Hg ≤ 0.000001 %, pro analysis,
Merck, Germany). The samples were heated in a micro-
wave oven for 50 min at the temperature of 160 °C and
pressure of 20 bar. Concentration of mercury was deter-
mined by the Bcold vapour^ atomic absorption spec-
trometry with (SnCl2) as a reducing agent using AAS
Spectra 300 P, Varian, VGA 76.
Soil leachates
In order to determine the activity in the soil solution,
Teflon vacuum cup lysimeters were installed on each
plot at a depth of 25 cm. After rainfall events (six
sampling events during the vegetation period) soil solu-
tion samples from lysimeters were collected and
analysed for Hg2+ − determined by cold vapour AAS
method using a flame atomic absorption spectrophotom-
eter (Varian Spectra AA300 Mod. 5) and SO4
2− deter-
mined according to ISO 11304–1 method and TOC
determined using PN-EN 1484 method.
Microbial investigation
For root-free soil analysis 10 g of soil was transferred to
250 mL Erlenmeyer flasks containing 90 mL 0.85 %
NaCl. Flasks were shaken on a rotary shaker for 10 min
at 120 rpm. The resultant soil suspension was used to
Fig. 1 Experimental plot design
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determinate the root-free soil microbial population.
Three individual samples for each single plot were
collected at the end of the experiment and analysed
separately (Barillot et al. 2012). Soil samples were
examined to determine: the total number of bacteria,
number of gram-negative bacteria, Pseudomonas, nitrate
decomposing bacteria, sulphur amino-acid decomposing
bacteria and the number of fungi. All tests on solid media
(10 % TSA), selective medium for Pseudomonas (Grant
and Holt 1977) and Streptomyces (Bacto Malt-Extract
Agar) were determined by the surface plating technique
using 0.1 mL of appropriately diluted sample. After
serial dilution in 0.85 %NaCl, dilutions were plated onto
10 % tryptic soy agar (TSA) on the selective medium for
Pseudomonas and on Czapek-Dox medium with rose
bengal for soil fungi (Alef 1995).
The number of nitrate and sulphur amino-acid
decomposing bacteria was estimated by the MPN (most
probable number) method. The total number of colony
forming units of soil bacteria (CFU g−1) was evaluated on
10% tryptic soy agar – TSA (Difco). The total number of
fungal colony forming units was determined based on the
Czapek-Dox medium with rose bengal (Alef 1995).
Colonies were counted after incubation at 28 °C for
3 days for growth of bacteria and at 22 °C for 7 days
for growth of fungi. To determine the growth of bacteria
the colonies were counted after incubation at 28 °C for
3 days and at 22 °C for 7 days for growth of fungi.
Ammonifying and sulphur amino-acid decomposing
bacteria were determined on the level of 10 % peptone
medium. The tested medium was inoculated with a
1 mL aliquot from each dilution of 10−1 through 10−7
of each soil samples (three test tubes). Inoculated test
tubes were incubated in the dark at 28 ± 2 °C for
7 days. The presence of ammonia (Merckoquant tests)
(Sas-Nowosielska et al. 2008) and hydrogen sulphide
were recorded in each tube. The results were correlated
with probability tables. The MPN of the bacterial popu-
lation was expressed as counts per gram of dry soil (dw).
The data were presented as average values of among
bacterial counts and the one-way analysis of variance
(ANOVA, Statistica 10) was used for statistical analysis.
The LSD (Least Significant Difference) test was used
for pairwise comparisons of means at the 0.05 level.
Hg evaporation/volatilisation from the soil
Hg contaminated soil from the investigated area
(Table 1) was prepared according to the experimental
design presented in Fig. 1 and placed in pots (50 x 35 x
12 cm) in three replicates. Six pots were planted with
Poa pratensis (10 kg ha−1). Hg evaporation was inves-
tigated on control pots and pots with sulphur. The effect
of plant cover was measured in pots planted with Poa
pratensis with and without additive (0.5 % of granular
of sulphur).
Evaporation of Hg from soil was measured using a
dynamic flux chamber method (DFC) according to
Ferrara and Mazzolai (1998). The method allows for
measuring the gaseous mercury concentration released
from the soil surface to the atmosphere, inside a
specially constructed glass chamber. The chamber
(42 cm x 26 cm x 22 cm) was placed on each
single pot on the soil surface (1 cm depth) and
kept during the measurement process.
For continuous measurement of total gaseous mercu-
ry, Hg–RA-915 + ZEEMANMercury Analyser (Lumex
Ltd.) was used as specified by Nowak et al. (2014).
Measurements were repeated ten times. Air was pumped
through the chamber at a constant flow rate of 5 L/min.
The time of the mercury flux (single measurement) was
15 min. Calibration was performed using calibration
cuvettes with high concentrations of mercury vapour
in the range of 0–40.200 ng/m3. The maximum measur-
able concentration was about 200,000 ng/m3.
The limit of quantification for the 1 s duration of a
single measurement was 500 ng/m3. The relative values
of repeatability and uncertainty in percentage terms
amounted to 20 %.
The one-way analysis of variance (ANOVA,
Statistica 10) was used for statistical analysis. The
LSD (Least Significant Difference) test was used for
pairwise comparisons of means at the 0.05 level.
Linear correlation was employed to analyse the relation-
ship between the investigated parameters.
Results
Soil properties
Themercury contaminated site was tested for stabilisation
and aided phytostabilisation during an outdoor plot ex-
periment. The soil was categorised as sandy loam with an
average pH of 7.39 and organic matter of 9.14 %
(Table 3). The soil showed good capacity to hold calcium,
magnesium and potassium. About 42 % of mercury in
soil was bound to organic matter and precipitated as
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sulphides, below 1 % occurred in the water-soluble frac-
tion, 16 %- in the exchangeable fraction, and 6 % in the
fraction bound to humic and fulvic acids. The rest of
mercury in the soil (about 35 %) was neutral for the
environment. The fraction that contributed the most to
bioavailability of Hg was the exchangeable fraction.
Before chemical stabilisation (Table 4) the total av-
erage soil pH was neutral (7.18). At the end of the
experiment a decrease of pH values was observed with
no statistical significance. In all investigated variants,
excluding + sulphur variant, pH values were higher
when compared to the control plots.
The EC values, analysed at the end of the experiment,
were significantly higher after the addition of sulphur,
however, comparable to the EC values on the planted
plots.
Phytostabilisation (planted plots) and aided
phytostabilisation (phyto-chemostabilisation plots with
sulphur + planted) processes were observed and
analysed during the experiment. Mercury plant uptake
was related to its concentrations in bioavailable soil
fractions. In particular water-soluble and exchangeable
fractions were regarded as highly mobile and leachable,
therefore the evaluation of stabilisation properties was
performed based on the reduction of water-soluble and
exchangeable mercury compounds. Sulphur addition to
the soil resulted in about three times lower concentra-
tions of mercury in the water-soluble soil fraction
(Fig. 2). Nearly 60 % of water-soluble mercury com-
pounds were converted into more stable compounds.
The data showed that Poa pratensis did not interfere
with the mercury concentration in the water-soluble soil
fraction.
The stabilising effect of sulphur addition to the soil
on Hg concentration in the exchangeable fraction (36 %
decrease) has already been observed after chemical
stabilisation in the variant with sulphur (Fig. 3). A
mercury concentration decrease of 13 % in this fraction
was recorded in the variant with sulphur and grass and a
22 % decrease- in planted variants with no additive.
After 14 weeks of chemical stabilisation nearly 64 %
of the exchangeable mercury compounds were convert-
ed into more stable compounds in variants with sulphur
and 40% in variants with sulphur and Poa pratensis. No
differences between variants planted with Poa pratensis
and control plots (no plants) were observed. The
stabilisation effect of mercury in the presence of sulphur
was about 20 % lower than in the case of plots that were
planted.
During the period of geochemical soil stabilisation
the lack of statistically significant differences in concen-
trations of mercury bound to the humic and fulvic soil
fraction was observed (Fig. 4), whereas at the end of the
experiment the addition of sulphur to the soil resulted in
the decrease of mercury concentrations in the fulvic and
humic acid fraction.
The analysed mercury contaminated soil contained,
depending on the plot, about 1200–1900 kg mg−1 of
HgS. At the end of the experiment, the increase of HgS
concentrations in soil on plots with sulphur was record-
ed (Fig. 5). HgS concentration in soil was higher by
about 23% on plots with sulphur and about 38% higher
when plots were planted.
Biomass and mercury concentration
Observations of plants on the planted plots showed that
mercury contaminated soil did not restrict the plants
growth and development. Sulphur soil treatment increased
mainly the biomass of roots (Fig. 6). It was over 50 %
higher than in the case of untreated plots. Differences
between the biomass of shoots produced during the
growing season were not statistically significant.
Hg concentrations in plants were very high (Fig. 7)
with higher accumulation in roots than in aerial parts.
Table 3 Soil properties
Property Value
Sand 54 %
Loam 43 %
Silt 3 %
pH KCl 7.18 ± 0.36
EC 305 ± 41.6 μS/cm
Organic matter 9.14 %
Cation exchange capacity (CEC) 14.14 cmol+/kg
Organic carbon 5.30 %
Total nitrogen 0.12 %
P2O5 13.5 mg·100 g
−1
K2O 12.9 mg·100 g
−1
Hg water soluble fraction 18.37 ± 0,08 mg kg
−1
Hg exchangeable fraction 543.90 ± 0,54 mg kg
−1
Hg fraction bound to humic and fulvic acids 192.39 ± 4,19 mg kg
−1
Hg fractions bound to organic matter and
precipitated as sulphide
1379.28 ± 9,58 mg kg−1
Hg residual fraction 1150.08 ± 10,12 mg kg
−1
Values represent mean of three replicates samples ± SE
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The comparison between roots and aerial parts of Poa
pratensis showed concentration ratios of about 3.8.
Sulphur addition to the contaminated soil decreased
Hg concentrations in shoots by about 50 % and roots
by about 30 % (Fig. 7). Depending on sulphur addition
the mercury concentration ratio in the roots/shoots was
about 5.7.
The correlation coefficient of Hg concentration in
root/shoot was significant and positive, regardless of S
additive, however in the presence of sulphur a lower r
value was observed (r = 0.99 and r = 0.85 respectively;
p < 0.05).
Soil leachates
The impact of rainwater on Hg concentration in leach-
ates, as well as relations between Hg concentrations and
sulphate ions depending on sulphur addition and planting
were studied. In natural conditions the concentration of
Hg ions during the growing season (six sampling events;
Table 5) decreased after the addition of sulphur, however,
the same reduction of Hg concentration was observed
in the planted variant. During the same period the
increase of the pH value was observed only in leachates
on planted plots. Nevertheless, the value was compara-
ble to that from the S-amended plots. Sulphur addition
to the Hg contaminated soil resulted in the increased
concentration of sulphate ions in leachates. The same
relationship was observed for TOC concentration in
leachates.
Concentration of Hg ions in the last sampling of
leachates (Fig. 8) showed over four times greater release
of Hg in control plots, whereas sulphur addition and
planting significantly reduced the Hg concentration in
relation to the control plot. A similar effect in Hg concen-
tration was also observed in other investigated variants.
Table 4 Soil pH and electrical conductance (EC)
Variants pH EC [μS/cm]
Start End Start End
control 7.18 ± 0.47 a;h 7.13 ± 0.36 ab;h 248.53 ± 35.20 c;j 194.75 ± 24.95 f;k
+ sulphur 7.55 ± 0.18 b;h 7.18 ± 0.13 ab;i 316.75 ± 28.11 d;j 250.12 ± 24.47 g;k
+ sulphur;
planted
7.21 ± 0.45 a;h 7.04 ± 0.22 a;h 337.13 ± 30.46 e;j 258.07 ± 20.09 g;k
planted 7.57 ± 0.16 b;h 7.34 ± 0.18 b;i 309.33 ± 22.34 d;j 243.25 ± 24.09 g;k
Values are means of three replicates ± SE; means followed by the same letter are not significantly different at the significance level of 0.05,
according to the LSD test; a – g means are significantly different in rows; h – k means are significantly different in columns
Fig. 2 Concentration of water-
soluble fraction of Hg compounds
in soil; values are means of three
replicates ± SD. Means followed
by the same letter are not
significantly different at the
significance level of 0.05,
according to the LSD test
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Concentration of sulphate ions in leachates showed
very low and insignificant correlation to the investigated
variants. As far as TOC is concerned, its concentration
in leachates was significantly correlated with Hg ions,
although the value of the correlation coefficient in con-
trol leachates was very low. (Table 6). No significant
correlation between Hg and sulphate ion concentrations
was observed in leachates, however concentrations of
these ions in soil solution were negatively correlated
with the increase of soil HgS concentrations, calculated
as differences between sulphide concentrations at the
end and at the beginning of the experiment (Fig. 9).
Mercury was also significantly correlated with TOC
concentration in leachates.
Soil microorganisms
The native microbial community was characterised by
domination of Streptomyces and Pseudomonas, while
the rest of microorganisms were at the same level
(Table 7). As the plant cover influenced on soil micro-
organisms, significant increase of Pseudomonas, gram-
negative bacteria and the number of soil fungi in rhizo-
sphere was detected.
Fig. 3 Concentration of
exchangeable fraction of Hg
compounds in soil; values are
means of three replicates ± SD.
Means followed by the same letter
are not significantly different at
the significance level of 0.05,
according to the LSD test
Fig. 4 Concentration of fulvic
and humic acids fraction of Hg
compounds in soil; values are
means of three replicates ± SD.
Means followed by the same letter
are not significantly different at
the significance level of 0.05,
according to the LSD test
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The dominant groups of the grass rhizosphere in the
mercury contaminated soil were: Pseudomonas, gram-
negative bacteria and Streptomyces. A lower share of
fungi, nitrate decomposing bacteria and sulphur-amino
acid decomposing bacteria in the rhizosphere was ob-
served. Sulphur addition to the soil contributed to the
increased number of nitrate and sulphur-amino acid
decomposing bacteria and decrease the number of
gram-negative, Pseudomonas and Streptomyces bacte-
ria. No difference among the number of fungi in rhizo-
sphere was observed.
Mercury evaporation and evapotranspiration
Hg evaporation was measured in the control variant and
in soil with sulphur treatment, whereas evaporation and
volatilisation was measured in planted variants
(Fig. 10). Hg flux values in variants with sulphur treat-
ment and with plant cover were significantly different
from the control one. The flux of Hg from the planted
soil and sulphur treated soil (no plants) was 81% - 84%
lower (respectively) than in the control pots, and about
73 % lower in variants treated with sulphur and planted.
Fig. 5 HgS concentration in soil
at the beginning and at the end of
experiment; values are means of
three replicates ± SD. Means
followed by the same letter are not
significantly different at the
significance level of 0.05,
according to the LSD test
Fig. 6 Difference in dry biomass
production (sum of two crops)
among planted plots; values are
means of three replicates ± SD.
Means followed by the same letter
are not significantly different at
the significance level of 0.05,
according to the LSD test
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The presence of Poa pratensis significantly enhanced
the Hg concentration in ambient air of planted variants
and in planted variants with sulphur.
Discussion
In the presented study the efficiency of using granular
sulphur as stabiliser and Poa pratensis in combination
as an ecological strategy for Hg-contaminated soil was
evaluated. The developed strategy is based on
diminishing the contaminant migration via sorption or
precipitation and physical soil stabilisation by the root
system, which releases nutrients that sustain a rich mi-
crobial community in the rhizosphere, enhancing the
bioremediation processes. The effectiveness of these
processes can be improved by a soil additive such as
sulphur.
Soil properties
In accordance with Wang et al. (1982 after Patra and
Sharma 2000) the permissible levels of mercury for
calcareous soils was calculated to be 17 mg kg−1, while
the soil used in the presented experiment contained over
nineteen times higher Hg concentrations with visible
drops of Hg(0) during warm days.
The elevated levels of soil Hg significantly exceeded
the standard values for industrial and waste disposal
sites (30 mg Hg kg−1 dry soil according to the Federal
Register). The soil was categorised as sandy loam with
average pH of 7.18 ± 0.36 and a high level of organic
matter (9.14 %). According to Martin et al. (2009), the
calcareous nature of soil helps minimise the effect of
mercury load in Spanish top-soils characterised with
low organic matter. According to John et al. (1975)
and Frank et al. (1976) soils with high content of organic
matter also have a higher average mercury content when
Fig. 7 Hg concentration in
shoots and roots after sulphur
addition to the contaminated soil;
values are means of three
replicates ± SD. Means followed
by the same letter are not
significantly different at the
significance level of 0.05,
according to the LSD test
Table 5 Characteristics of leachates in the investigated variants
Variants pH Hg SO4
−2 TOC
[μg L−1] [mg L−1]
control 7.46 ± 0.05 a 19.54 ± 13.20 a 32.22 ± 3.92 a 4.89 ± 0.35 a
+ sulphur 7.58 ± 0.06 abc 7.24 ± 1.08 b 215.96 ± 30.85 b 11.00 ± 0.88 b
+ sulphur;planted 7.54 ± 0.07 ab 7.31 ± 2.43 b 165.23 ± 25.99 b 7.46 ± 0.85 c
planted 7.64 ± 0.06 c 6.80 ± 2.46 b 40.25 ± 6.09 a 3.30 ± 0.34 a
The average value represented by six sampling events ± SE; means followed by the same letter are not significantly different at the 0.05 level,
according to LSD test; a – c means are significantly different in columns
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compared to mineral soils. The investigated soil did not
show any significant correlation between Hg and the
organic matter content. A highly significant correlation
was reported by Låg and Steinnes (1978) in the case of
forest soils.
The analysis of soil from the vicinity of the chlor-
alkali plant in Poland showed that about 42 % of mer-
cury was bound to organic matter and precipitated as
sulphides, below 1 % occurred in the water-soluble
fraction, 17 %- in the exchangeable fraction and 6 %
in the fraction bound to humic and fulvic acids. The rest
of the mercury in the soil (about 35%) was neutral to the
environment. Mercury in soil exists in many forms, but
Hg+2 is regarded as the predominant and readily bio-
available form (Heaton et al. 2005; Chen and Yang
2012). Mercury in water-soluble and exchangeable
fractions is considered to create a negative impact on
groundwater (Rodrigues et al. 2012) and to be easily
accumulated by living organisms (Zagury et al. 2006;
Petruzzelli et al. 2012; Carrasco-Gil et al. 2012).
Biomass of plants and mercury concentration
The investigated soil was characterised by total nitro-
gen, phosphorus and potassium of 0.12 %, 13.50 mg
100 g−1 (P2O5) and 12.9 mg 100 g
−1 (K2O) respectively,
which created the appropriate conditions for plant
growth and development. The main limiting soil factor
was the highHg soil content of an average concentration
of 3284 ± 1702 mg kg−1. Poa pratensis planted in
Fig. 8 Concentration of Hg ions
at the beginning (first water
sample from lysimeters) and at
the end of the experiment (the last
water sample from lysimeters)
Table 6 Correlation coefficients between Hg and SO4
2+ and TOC
concentrations in leachates
Variants Correlation coefficients
Hg2+/SO4
−2 Hg2+/TOC
control −0.30 0.28*
+ sulphur 0.11 0.57*
+ sulphur;
planted
0.21 0.49*
planted - 0,14 0.69*
*Values followed by the asterisk are statistically significant at the
significance level of 0.05
Fig. 9 Relationship between soil HgS and SO4 ions concentra-
tions in leachates
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experimental soil showed no visible signs of Hg toxicity
stress during all the vegetation period despite very
high Hg tissue concentrations (Fig. 7) in contrast with
Hg induced stunted growth in wheat (Ge et al. 2009)
as well as in the Dicots (Cho and Park 2000;
Cargnelutti et al. 2006; Zhou et al. 2007, 2008). The
reason for the successful growth of plants on such a
contaminated soil may be associated with the close to
neutral soil pH (7.18 ± 0,36) and high organic matter
content (9.14%) combined with the high organic carbon
content (5.03 %).
Observations of Poa pratensis on the planted plots
showed that mercury contaminated soil did not visually
restrict the plant growth and development. Sulphur soil
treatment increased significantly the biomass of roots -
by over 50% (Fig. 6) in relation to plots with no sulphur.
According to Ericksen and Gustin (2004) the inves-
tigated Poa pratensis, as a vascular plant growing on
soil contaminated with Hg, uptakes this element from
the soil solution (in ionic form), through the stomata
from the atmosphere (in volatile form) and as divalent
Hg through foliar adsorption. It is very likely that in our
experiment most of the extracted Hg came via the roots
from the contaminated soil, and only an insignificant
quantity might have been extracted via shoots from the
ambient air. Hg vapours uptake by leaves of the C3
species like Poa pratensis might be up to five times
greater in relation to C4 plants (Patra and Sharma 2000).
Table 7 Bacterial count of rhizosphere microorganisms on liquid medium
Microorganisms Number of microorganisms
(CFU g−1)
control planted +S; planted
Total number of bacteria (10 % TSA) 7.96·106 ± 9.72·105 a;g 1.80·107 ± 1.30·106 b;g 2.87·107 ± 2.56·105 c;g
Gram-negative bacteria 9.39·104 ± 1.30·103 a;d 3.75·106 ± 4.52·105 b;e 1.69·106 ± 1.65·105 c;e
Streptomyces sp. 3.06·106 ± 2.87·105 a;f 3.30·106 ± 8.00·104 a;e 1.63·105 ± 3.95·105 b;e
Pseudomonas 2.34·106 ± 2.07·105 a;e 5.50·106 ± 5.40·105 b;f 3.33·106 ± 7.35·105 a;f
Number of soil fungi (Czapek-Dox medium with Rose bengal) 1.69·105 ± 4.79·104 a;d 1.94·104 ± 9.07·102 b;d 2.26·104 ± 1.72·103 b;d
Nitrate decomposing bacteria 3.77·104 ± 8.18·104 a;d 5.54·105 ± 6.96·104 a;d 1.69·106 ± 3.07·105 b;e
Sulphur amino-acid decomposing bacteria 2.44·103 ± 1.26·103 a;d 8.54·103 ± 2.49·103 a;d 7.54·104 ± 1.46·104 b;d
The average value represented by six sampling events ± SE; means followed by the same letter are not significantly different at the 0.05 level,
according to LSD test; a – c means are significantly different in rows; d – g means are significantly different in columns
Fig. 10 Hg evaporation (control
and +S) and evapotranspiration
(+S; planted and planted)
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Roots and shoots of Poa pratensis showed high Hg
accumulation level in tissues; higher in roots than in
aerial part of plants (about 1800 mg kg−1 and
580 mg kg−1, respectively) (Fig. 7), but lower than
recorded in the soil from chlor-alkali plant in the
Netherlands and Belgium (Zagury et al. 2006). The data
demonstrated that Poa pratensis shoots behaved as Hg
excluders, however its roots, which showed Hg includer
characteristics (Patra and Sharma 2000), did not always
act as an effective barrier by reducing the potential of
root-to-shoot transfer of Hg, as discussed by Rodrigues
et al. (2012).
Lack of an effective barrier in Hg root/shoot transport
may be responsible for the recorded high concentra-
tion of Hg in shoots. The comparison between Hg
concentrations in Poa pratensis roots and shoots
showed the concentration ratio of about 3.2, which
was in accordance with Zagury et al. (2006) observa-
tions for Hordeum vulgare. However, after the addition
of sulphur the concentration ratio increased up to 4.2.
Evaluation of root and shoot Hg uptake by Poa
pratensis did not show any statistical significance, al-
though positive correlation was reported by Suszcynsky
and Shann (1995); Patra and Sharma (2000); Heaton
et al. (2003) and Greger et al. (2005).
A significant relationship between levels of Hg in the
soil and those in roots and shoots of the investigated
grasses reported by Rodrigues et al. (2012) was not
observed on our plots. Evaluation of Hg transport from
the contaminated soil to plants and animals indicated
that for ryegrass and orchard grass the Hg levels were
controlled not only by the total concentration of Hg in
soil but also by the levels of Alox and Feox (Rodrigues
et al. 2012).
Soil leachates
The volume of leachates collected during the growing
season varied irrespective of the investigated variants.
The high content of soil organic matter was suspected to
be the cause for the lack of significant impact of the
plant cover on leachate volume. The environmental risk
of leachates in relation to EU standards for drinking
water was related only to Hg concentrations (Table 5)
exceeding the standards from 15.5 (control; no plants
and no amendment) to 35.7 times (sulphur addition; no
plants). Hg concentrations in the collected rain percola-
tion waters were significantly lower than in the control
plots and the same was observed in the investigated
variants (Table 5). During the end of the experiment
Hg ion concentrations in leachates (Fig. 8) showed over
four times greater release of Hg in control plots, whereas
sulphur addition as well as planting reduced significant-
ly the Hg content in relation to the control plots.
Moreover, the control soil was characterised with the
Hg flux four to six times greater (Fig. 10) then the
compared planted soil and sulphur treated soil
(no plants), which suggests differences in the Hg
biogeochemical cycle related to soil properties and the
soil/plant relationship. According to the Conceptual
Model for soil mercury flux (Briggs and Gustin 2013),
if the soil becomes saturated, Hg flux will be suppressed
due to the soil pores becoming filled with water. In the
soil profile Hg desorption and dilution processes
dominate. Johnson et al. (2003) states that the available
Hg (II) will dissolve into the soil water and Hg0 from
soil particles will be desorbed into soil gas. The
enhanced release of mercury from highly contaminated
soil during precipitation events observed in the end of
the vegetation period may be similar to the processes
observed by Lindberg et al. (1999) on a dry desert soil,
i.e.: physical displacement of Hg(0) soil gas by water
filling the soil pores, replacement of Hg(0) adsorbed to
the soil water molecules, desorption of Hg(II) bound to
the soil particles, reduction to Hg(0) through abiotic and
biotic factors or photosolubilisation of soil cinnabar
leading to generation of soil Hg(II). An increase of
SO4
− ions and TOC concentrations was noticed after
the addition of sulphur to the soil. Leachate sulphate
ions were significantly negatively correlated with soil
HgS concentrations, calculated as differences between
soil sulphide concentration content at the end and at the
beginning of the experiment (Fig. 9). Concentration of
Hg in leachates was significantly correlated with TOC
concentration, especially after sulphur addition and
planting, however a very low correlation coefficient
was observed in control plots. On plots amended with
granular sulphur the increase of soil sulphides resulted
in the decrease of sulphate ions in leachates. The process
can be explained by oxidative conditions created by the
presence of plants (Pennington and Walters 2006).
Soil microorganisms
The soil microflora plays a vital role in soil fertility,
organic matter decomposition and nutrient cycling.
The presence of sulphur in mercury contaminated soil
does not affect the total number of bacteria and the
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number of gram-negative bacteria in rhizosphere.
Presence of Pseudomonas (which caused an unwanted
methylation process) and the number of soil fungi
were at the same level of bacterial count, irrespective
of sulphur addition into the soil environment. After
sulphur addition a significantly higher number of
nitrate decomposing bacteria and sulphur-amino acid
decomposing bacteria was noted. The increased num-
ber of nitrate decomposing bacteria (Table 6) can
result in possible faster conversion of Hg soil nitrates
into atmospheric nitrogen.
The number of sulphur-amino acid decomposing
bacteria was found to be in an inverse correlation with
root mercury uptake in soil from the chlor-alkali plant
(Sas-Nowosielska et al. 2008) which was explained as a
positive bioremediation effect on soil mercury. The
obtained results (Table 7) showed a positive effect on
sulphur-amino acid decomposing bacteria after addition
of granular sulphur to the Hg contaminated soil.
Mercury evaporation and evapotranspiration
According to Schlüter (2000) the Hg evaporation
occurs in the uppermost soil layers. Presented data
indicate that soil from the chlor-alkali plant evaporates
high levels of Hg to the atmosphere and highlight the
importance of sulphur additive to the soil as well as
creation of the plant cover in reducing the Hg flux to
about 70 % - 80 % in relation to unplanted plots
(Fig. 8). A very high level of Hg concentrations in
the atmosphere in the chlor-alkali area was also
confirmed by Esbrí et al. (2014).
Mercury as a soil contaminant may evaporate into
the air in both organic and elemental form. In our
experiment (Fig. 10) the flux of Hg from the planted
soil and sulphur treated soil (no plants) was 81 % and
84 % lower (respectively) than in the control pots, and
about 73 % lower in variants treated with sulphur and
planted. According to literature (Kocman and Horvat
2010) Hg volatilisation occurs more often in sites
where mobile Hg forms are dominant than in sites
where insoluble cinnabar prevails. The decreased level
of Hg in the flux after sulphur application (Fig. 10)
may be attributed to the formation of insoluble HgS.
The decrease in Hg flux observed in planted soil
variants (Poa pratensis) is most probably due to the
physical barrier formed by the dense plant cover as
well as due to the influence of Hg on stomata opening.
Hg2+ ions in leaf tissues can bind to aquaporins
(water channel proteins) inducing the closure of
stomata (Zhang and Tyerman 1999). This, in turn,
may inhibit the mercury evapotranspiration
process.
In the variant with sulphur and P. pratensis the
flux of Hg was higher than in the variant with
sulphur (+ sulphur) and the variant with Poa
pratensis (planted). The observed Hg concentration
in flux may be related to the soil formed SO2 as
highlighted by Macdonald et al. (2004). They show
that soil can be the source of sulphur dioxide (SO2)
which evaporates into the atmosphere. The atmo-
spheric SO2 may enhance opening of stomata in
herbaceous plants (Majernik and Mansfield 1970;
Majernik 1971; Unsworth et al. 1972; Biscoe et al.
1973; Noland and Kozlowski 1979). SO2 enters the
stomatal complex via adjacent epidermal cells and at
low SO2 concentrations the turgor in these cells is
reduced, which induces stomatal opening (Black and
Unsworth 1980). This, in turn, may generate the
observed increase in Hg flux.
Remediation aspect
An ecological strategy for soil contaminated withmercury
was analysed. Aided stabilisation, phytostabilisation and
aided phytostabilisation were tested during one-year ex-
periment as a remedial option for mercury-contaminated
soil.
According to the obtained data the investigated
soil was rich with organic matter, had good ability
to hold the fertilizing ions e.g. nitrogen, phosphate
and potassium and supported plant growth and
development. The soil was amended with sulphur
and planted for Hg stabilisation. According to Luo
et al. (2009) soil organic matter, nitrogen and sul-
phur contributed to Hg retention in soil, forming
effective Hg soil mineral adsorbents, which was also
observed by Barnett et al. (1997). The increase of
soil sulphide concentrations after granular sulphur
addition, especially in planted variants showed plant
rhizosphere participation in sulphide concentration.
Mercury can be bound very tightly to sulphur forming
the insoluble HgS, which was noted also by Boszke
et al. (2008). According to Bloom and Katon (2000)
the contribution of mercury bound to sulphides in
the mercury-contaminated soil was 99.1 % in the
vicinity of the plant producing chlorine alkaline com-
pounds. Similarly, most of Hg in the investigated
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soil (about 77 %) was precipitated as sulphides
(1379.28 ± 9.58 mg kg−1) or bound to either organic
matteror residual soil fraction(1150.08±10.12mgkg−1),
meaning it was less mobile (Table 3). At the end of the
presented experiment, the increase of HgS concentra-
tions in soil on planted plots with sulphur was recorded
(Fig. 5). According to investigation on solubility and
distribution/transformation of mercury in the solid-
phase components of soil contaminated with various
forms of mercury, the plants effects on mercury solid-
phase components were dependent upon mercury
sources and loading levels. The presence of plants de-
creased mercury concentrations in the mercury bound to
crystalline iron oxides extracts fraction and increased
mercury in the residual fractions (Han et al. 2006).
The mercury-contaminated soil stabilisation effect
was also supported by the presence of sulphur-amino
acid decomposing bacteria which was found to be
in an inverse correlation with root mercury uptake
(Sas-Nowosielska et al. 2008). The observed increase of
sulphur-amino acid decomposing bacteria in the rhizo-
sphere (Table 7) in the presence of sulphur may be
considered as biostabilisation of mercury in contami-
nated soil.
The evaluation of remediation processes on Hg con-
taminated soils requires consideration of the potential
destabilisation of HgS compounds when soil conditions
become aerobic due to the decreased content of the
organic matter or seasonal turnover which leads to sul-
phide oxidization to sulphate and releasing the mercury
in the ionic form Hg(II), susceptible to the methylation
process as was observed by Ullrich et al. (2001) and
Boszke et al. (2003). The X-ray absorption fine structure
spectroscopic studies (Skyllberg et al. 2006) revealed
that the reduced organic sulphur and oxygen/nitrogen
groups were involved in the complexation of Hg (II) to
humic substances extracted from organic soils.
According to Maclean (1974) the clay-sand soils re-
leased considerable amounts Hg to the CaCl2 solution
while no Hg was detected in the extract of the corre-
sponding S-treated samples. Direct interaction between
Hg and S led to the formation of metacinnabar or
cinnabar (Outridge et al. 2001). Bloom and Katon
(2000) showed that metacinnabar solubility in soil was
extremely low, even when compared to the soil matrix
minerals. Moreover, the obtained results indicated that
in the optimization of the Hg contaminated soil remedi-
ation efforts we should take into consideration that SO2
formed by the addition of sulphur additive may enhance
the stomata opening, increasing the Hg flux to the
atmosphere and affecting the soil/plant/atmosphere
Hg- cycle.
Creation of the plant cover requires supplementary
addition of nitrogen fertilisers. In the application of
nitrate fertilisers to the Hg contaminated soil it should
be noted that higher concentrations of NO3
− ions in the
soil may result in an increased Hg plant uptake as was
observed by Carrasco-Gil et al. (2012) in alfalfa plants.
The presence of sulphur in the Hg contaminated soil
increased the number of nitrate decomposing bacteria
(Table 6), which can be explained by faster conversion
of nitrates into atmospheric nitrogen and reduction of
risk connected with presence of NO3
− ions in soil. The
plants grown on mercury-contaminated soil collected
from the chlor-alkali plant developed a rhizosphere area
rich in microorganisms (Sas-Nowosielska et al. 2008).
At the same time plant roots appeared to be mercury
includers. Both formation of the plant cover and applica-
tion of soil amendments are essential for soil stabilisation
used in phytoremediation technologies.
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